The bulk of large plant genomes consists of retrotransposons. Retrotransposons are able to integrate into a multitude of loci in the genome, and can thereby generate insertional polymorphism between individuals, as well as mutations and new characteristics. Retrotransposons are largely quiescent during development, but become more active in response to biotic and abiotic stresses, which cause them to produce larger pools of transcripts. The present study assesses the structural dynamics and putative transcriptional activation of BARE-1 and WIS 2-1A retrotransposons in ethyl methanesulfonate (EMS)-induced hexaploid wheat and Triticale sphaerococcum mutants, via an RT-PCR approach that utilized the retrotransposon based markers SSAP, IRAP and REMAP. Our results demonstrate a polymorphic pattern distribution of BARE-1/WIS 2-1A members, and identify new insertions. The WIS 2-1A retrotransposon members have a modulated transcriptional profile, which strongly suggests that EMS treatment encourages their activation Retrotransposon-based methods are efficient for fingerprinting and genetic polymorphism studies of sphaerococcum mutant forms, and can illuminate the genome dynamics affecting the genes responsible for the sphaerococcum phenotype.
Introduction
Retrotransposons are abundant, mobile genetic elements, and are widespread throughout the plant kingdom. They are able to integrate into a multitude of genomic loci, thus generating insertional polymorphism between individuals, including mutations and new characteristics [1] .
Almost all known plant retrotransposons are inactive during normal growth and development, but may be activated and mobilized by different abiotic and biotic stress factors, thereby increasing the mutation rate and creating new genetic variability. This can be useful in the face of stressful conditions, which may be induced by such factors as wounding, pathogen attacks, hybridization, protoplast isolation or in vitro cell or tissue culture [2] [3] [4] [5] . WIS 2-1A was the first retrotransposon to be identified in wheat [6] , in the form of an 8 kb insertion within a highmolecular weight glutenin subunit gene [7, 8] . It is widely distributed in the Triticeae tribe and shows a high level of intergenomic, but a low level of intragenomic, variability [9] . In bread wheat, there are c.a. 200 copies of WIS 2-1A per haploid genome; it is only rarely trans-activated in vivo. BARE-1 was originally isolated from barley [10] , and it too is widely distributed within the Triticeae. Members of this family exhibit a substantial level of intraspecific insertional polymorphism, which is a strong indication of recent transpositional activity in evolutionary history [11, 12] .
The sphaerococcum effect is a distinguishing feature of single hexaploid wheat, Triticum sphaerococcum Perc., and is under the control of a single hemizygous-ineffective recessive gene S1 located on the 3D chromosome [13] .
The gene affects a set of characters that form during development and inherit as a unit. These characters include a rigid short culm, straight flag leaf, dense spike, hemispherical glume, and small, spherical grains.
Sphaerococcum-like plants can also be induced by mutation, particularly by chemical mutagens, neutrons and X-rays. The induced sphaerococcum phenotype in hexaploid wheat mutants is determined by genes S1, S2 and S3, which are localized on the 3D, 3B and 3A chromosomes respectively [14] .
In this study, the sphaerococcum mutation was induced in T. aestivum and Triticale by treatment with ethyl methanesulphonate (EMS) [15, 16] . EMS is a powerful chemical mutagen commonly used to induce large numbers of point mutations in plant genomes, which also affects genome stability in other ways -although the mechanisms involved are not well understood. Mutant forms are marked by wide phenotypic variability, reversions to the wild T. aestivum phenotype, and the presence of reciprocal translocations and meiotic abnormalities [17] . We suggest that transposon-mediated rearrangements and transposon activity are very likely to be responsible for this diversity. This is consistent with the hypothesis that recombination in the pericentromeric regions causes the sphaerococcum gene duplication [18] ; retrotransposons may be involved in this process.
Despite all the information currently available about their contribution to the genome structure, size and variation, BARE-1 and WIS 2-1A retrotransposons have so far received little attention in the assessment of natural or mutant genetic diversity. Most such studies have been performed in natural plant populations. Mutant germplasm collections represent a new tool in dissecting processes involved in the dynamics and regulation of transposon activity in response to environmental changes.
The present paper focuses on the genetic component of the phenotypic variability of sphaerococcum mutant forms. We aim to assess the structural dynamics and putative transcriptional activation of the BARE-1 and WIS 2-1A retrotransposons in response to EMS-induced stress. The sensitive retrotransposonbased marker methods SSAP, IRAP and REMAP were used to investigate putative alterations in the genomic insertion profiles e.g. the dynamics of BARE-1 / WIS 2-1A retrotransposons as a whole and in respect to sphaerococcum genes already mapped in wheat sphaerococcum forms [18] . The markers identify multilocus profiles that reveal polymorphism as a result of retrotransposon rearrangement, or variation in the DNA flanking the retrotransposon insertion site.
In order for genomic expansion to occur, retrotransposons must be transcribed into mRNA molecules by the host's RNA polymerase, and subsequently be reverse transcribed into double-stranded cDNA by their own reverse transcriptase [19] . The potential mobility of retrotransposons can therefore be predicted by the abundance of their mRNA transcripts. We used cDNA PCR to assess the transcription level of the WIS 2-1A retrotransposon in plants exhibiting both mutant, and wild-type phenotypes.
Our results strongly indicate that EMS-induced stress affects the genome dynamics and transcriptional activity of members of the BARE-1 and WIS 2-1A families in the EMS-induced sphaerococcum mutant form, although the mechanism for this phenomenon remains unknown. We also show that retrotransposon-based markers can be efficiently used for fingerprinting and to assess the impact of the chemical mutagen EMS on genome stability.
Experimental Procedures

Plant material
We used hexaploid sphaerococcum-type mutant forms obtained by EMS treatment of T. aestivum c.v. Sadovska ranozreika-2 (AABBDD) and 6x-Triticale MT47 (AABBRR/2D). These can be divided into two groups on the basis of their phenotypes: (a) mutant forms with a stable mutant phenotype -MT47sph, 49L/13, 49 compactum, 2K×613spelta, 2K×613compactoid; and (b) mutant forms with an unstable mutant phenotype, which frequently revert fully or partially to the wild type (T. aestivum phenotype) -49Lsph and 49Laest, and original mutant forms type sphaerococcum 613 and 6512. Forms 613aest, 6512aest, 6512sph homozygous and 613 intermediate represent segregant forms of 613sph and 6512sph.
Mutant forms 49Lsph, 49Laest, 49L/13, 49 compactum, 2K×613spelta and 2K×613compactoid are derivatives of the original mutant forms 613sph and 6512sph. They were obtained after crossing mutant form 613sph with the control form T. aestivum c.v. Sadovska ranozreika-2.
DNA isolation
Fresh leaves of 6-7-day-old plant seedlings were ground with liquid nitrogen, producing ~100 mg of fine powder. Genomic DNA was extracted with DNeasy Plant Mini Kit (Qiagen Inc, Valencia, CA 91355) per the manufacturer's instructions.
RNA isolation, cDNA synthesis and PCR amplification
Total RNA was extracted from leaves of 6-day-old seedlings of sphaerococcum mutant forms of T. aestivum and Triticale and their control forms using TRIzol reagent according to the manufacturer's instructions (Invitrogen, USA). DNA contamination was avoided by treating RNA with RNase-free DNaseI (Fermentas). In addition control PCR reactions on cDNAs were performed with primers GAPDH 1 and GAPDH 2. These primers give PCR products with different length depending of the template (genomic or cDNA) thus allowing detection of possible genomic DNA contamination in cDNA probes. The first strand cDNA was generated from 500 ng total RNA using the RevertAid™ H Minus First Strand cDNA Synthesis Kit and oligo(dT) 18 primers according to the manufacturer's instructions (Fermentas). cDNAs were normalized to the wheat actin gene (GenBank accession number AB181991) which was used as a positive control. The actin gene was amplified using primers 5'-GCCACACTGTTCCAATCTATGA-3' and 5'-TGATGGAATTGTATGTCGCTTC-3'. PCR amplification of cDNA was carried out using primers specific for RT, INT and 5'LTR regions of the WIS 2-1A retrotransposon (TREP 3161) as presented in Table 1 . PCR comprised initial denaturation for 3 min at 94°C, followed by 30 cycles of 94°C (30 s), 55°C (1 min), 72°C (1 min), and final extension at 72°C for 5 min. Three repetitions of the RT-PCR amplification were performed. In addition to RT-PCR analysis, we performed comparative PCR amplifications on genomic DNAs of wheat and Triticale control forms in 5 dilution series. PCR products were separated on 1% ethidium bromide-stained agarose gels and their quantity was determined by scanning densities using the ImageQuantTL v.7 software (Amersham).
SSAP analysis
In order to determine the polymorphism associated with BARE-1 elements the SSAP method described by Waugh et al. [12] was used, with the following modifications: 0.5 μg genomic DNA was digested with MseI (New England Biolabs) 5 U/μg concentration in the appropriate buffer. Adaptor ligation was performed separately from the DNA digestion. BARE-1-specific primers were selected on the basis of the first 19 nucleotides of the BARE-1 LTR ( [10] , Accession No. Z17327), which is identical to the corresponding region of the wheat WIS 2-1A element (Accession No. X63184); and facing outwards from the 5'LTR with the addition of selective bases. Since retrotransposon primers match identical 5'LTR sequences of BARE-1 and WIS 2-1A retrotransposons, the interpretation of results for SSAP, REMAP and IRAP methods (discussed below) necessarily refers to both retrotransposons. The MseI and BARE-1 primers and MseI restriction site-specific adaptors used in this study are described in Table 1 . For pre-amplification reactions, we tested the following selective primer combinations:
Following pre-amplification, we performed selective amplification with extended retrotransposon primers (Table 1) After PCR, samples were diluted with one volume of loading dye (95% formamide, 0.05% xylene cyanol FF and 0.05% bromophenol blue), heat-denatured at 80°C for 5 min and immediately cooled on ice. PCR samples were loaded on a 6% denaturing polyacrylamide gel (20×40.3×0.04 cm) and run at 80 W for 1.5 h in 0.1×TBE. Gels were transferred to Whatman 3 MM paper and vacuum dried at 80°C for 1.5 h. Dried gels were exposed to X-ray films.
Isolation and sequence characterization of polymorphic SSAP bands
New polymorphic SSAP bands were excised from the dried gels using a razor blade and re-suspended in 100 μl of 1×TE for 1 day. A 3 μl sample was then used as DNA template in PCR reamplification comprising 30 cycles of 94°C (30 s), 55°C (30 s), 72°C (1 min), and final extension at 72°C for 7 min. Primers used for their primary amplification were used for this approach. Amplification products were separated on 2% agarose gels to check their integrity and then purified using the QIAquick PCR Purification Kit (Qiagen). DNA fragments were cloned in TOPO-2.1 vector and transformed into competent E. coli cells according to the manufacturer's recommendations (TOPO TA Cloning ® Kit, Invitrogen). In most cases, we analyzed six clones per SSAP band. Bacterial colonies were used as a template for positive (BARE-1-MseI primers) and negative (MseI-MseI primers) PCR reactions in order to select only those fragments that contained BARE-1. For positive and negative PCR reactions, we used the same BARE-1 and MseI primers as for the initial band amplification. Plasmids containing the cloned fragments were used as a template for both forward and reverse sequencing. The nucleotide sequence data of these clones were subjected to BLAST search analysis.
IRAP and REMAP procedures
The IRAP and REMAP procedures were based on published methods [20] . IRAP amplifications were carried out with a single BARE-1 (0) primer used in SSAP analysis.
For the REMAP procedure we used the BARE-1 (0) primer in combination with primers for wheat microsatellite loci Xgwm566-3B, Xgwm456-3D and Xgwm2-3A, adjacent to sphaerococcum genes [12, 21] . Microsatellite primers are presented in Table 1 . 20 μl of PCR reagent contained: 0.075 M Tris-HCl pH 8.8, 0.02 M (NH 4 ) 2 SO 4 , 1.5 mM MgCl 2 , 0.01% Tween-20, 0.2 mM dNTPs, 0.4 mM primer BARE-1 (0) ( Table 1) , 1 U Taq polymerase, and 100 ng DNA template. The following program was used: 2 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at 56°C, 2 min at 72°C; termination by 10 min of final extension at 72°C. The reaction conditions and amplification program for REMAP were the same as for IRAP. REMAP and IRAP PCR products were separated on 2% agarose gels (NuSieve 3:1, Cambrex) for 7-8 h at 85 volts, stained with ethidium bromide, and photographed with a digital camera. The polymorphism was estimated by band size comparisons.
Phylogenetic analysis
Genetic distances were calculated from tables of bands, scored for the presence or absence of bands using the Nei and Li (NL) coefficient [22] . The trees were constructed by neighbor-joining method [23] implemented in NTSYSps 2.11 program.
Results
SSAP analysis
Optimization of SSAP profiles
We tested the effect of selective base addition in SSAP analysis of wheat and Triticale sphaerococcum mutant forms by varying the number of selective bases on both MseI and BARE-1 primers. We aimed to obtain PCR profiles for primers SSAP MseI primers Table 1 . Primers used for SSAP, IRAP, REMAP and RT-PCR analysis.
* basic primers with no selective nucleotides
polymorphism analysis with abundant but easy-to-score polymorphic bands on a low intensity background. SSAP profiles for BARE-1/WIS 2-1A retrotransposons are illustrated in wheat ( Figure 1A) and Triticale ( Figure 1B ) mutant forms. We present the primer combinations that gave large number of clear bands with a high percentage of polymorphism. The resulting pattern was strongly influenced by the selective bases added to the MseI primer sequence, and to a lower degree by the retrotransposon primers. The primer combinations using lower selection BARE-1 (0) & MseI (0,A) resulted in intensive profiles with many, closely spaced bands, which are difficult to analyze (not shown). Primer combinations that included the MseI (ACAG) primer generated weaker banding patterns; the higher level of selection makes it easy to miss potentially informative bands. Clear 
Identification of BARE-1 insertions sites
REMAP and IRAP analysis
We utilized the IRAP technique, using a single outward-facing primer to amplify those genomic sequences that lay between adjacent retrotransposon LTRs within the PCR range, positioned in a "head to head" orientation. The number of bands generated by this technique is a function of both the total number of BARE-1 copies, and their distribution within the genome. REMAP amplifies fragments that result from BARE-1-BARE-1 and BARE-1-SSR amplifications. In Triticale both systems produced a clear amplification profile in the 350-2500 bp range ( Figure 2 ). We did not analyze weak bands that occurred in the low molecular weight area (below 300 bp). Table 3 illustrates the number of bands produced with different primer combinations, and the degree of polymorphism between the control and mutant Triticale forms. Polymorphic bands were detected in all primer combinations. As expected, all REMAP profiles contained the IRAP bands; however, few putative BARE-1/SSR markers were detected. Primers combinations BARE-1/Xgwm 456L and BARE-1/Xgwm 456R generated the most polymorphic REMAP patterns, both regarding the number of bands and degree of polymorphism between the control and mutant Triticale forms. These REMAP patterns differed also from the IRAP one.
The IRAP shows a polymorphic pattern among wheat spherococcum mutant forms (Figure 3) . A similar number of bands were generated by this method as for the IRAP of Triticale forms. As compared to the control wheat form, the level of polymorphism varied from 9% to 26% for different mutant forms and the overall polymorphism counted for 40% (Table 3) . Some of the polymorphic bands segregated with distinct groups of mutant forms. Bands of size 1400 bp, 850 bp and 750 bp are specific to the mutant group 49L (49Lsph, 49Laest, 49L/13, 49 compactum ) and 2K×613. The IRAP pattern is not polymorphic within mutant group 613sph/613aest (lines 4, 5, 6), but polymorphic to the control form (line 1). On the other hand, there is polymorphism within group 6512sph/6512aest (lines 7, 8, 9) for fragments of 1800 bp, 1500 bp and 550 bp. The IRAP method in this study showed greater polymorphism than SSAP. 
Genetic relationships within wheat and
Triticale sphaerococcum mutant forms Figure 4 illustrates the genetic distances and corresponding mean sampling variances for wheat mutant forms, calculated using the IRAP marker system. The neighbor-joining trees, as expected, clearly separate the genetically distant T. aestivum and Triticale forms. Furthermore, wheat sphaerococcum mutant forms can be divided into two major clusters. The first cluster consists of the control form Sadovska ranozreika-2, and includes the original mutant forms 613sph, 6512sph and their revertants 613aest and 6512aest (which separate in a distinct subcluster). The other major cluster includes derivative mutant forms obtained by crossing sphaerococcum forms 613sph and 6512sph with the control. IRAP approach using single BARE-1 primer was able to discriminate between different groups of mutant forms: group 613 (613sph, 613aest, 613 intermediate), derivative mutant forms with stable (49 compactum, 49L/13, 2K×613spelta, 2K×613compactoid) and unstable phenotypes 49L (49Lsph, 49Laest), but not between mutant forms within the one and the same group. Mutant form 6512aest was genetically distinct from other members, and more similar to the control form Sad. ranozreika-2. The degree of similarity between the control form and other sphaerococcum forms has decreased in the order 6512sph (0.8) → 613sph (0.73) → derivative group (0.6) → Triticale (0.4).
WIS 2-1A expression profile
As shown in Figure 5 , RNA transcripts of RT, INT and 5'LTR domains were detected in all samples, including the control wheat and Triticale forms. The comparative transcription pattern between these coding regions is similar among mutant forms, but the extent of transcription varied nevertheless; the 5'LTR region was the most transcribed. Of particular note are differences in the intensity of PCR products between the RT and INT coding regions of the WIS 2-1A element. Among the analyzed samples, the amplification rate of INT region was approximately 2-4-fold higher than that of the RT domain, even though they are adjacent in the retrotransposon sequence. The difference in the amplification rates of these amplicons may reflect the different number of copies in the genome, or the efficiency of amplification. To distinguish between these alternatives, we performed comparative PCR amplification of diluted genomic DNAs from control forms Sadovska ranozreika-2 and Triticale MT47 ( Figure 6 ). As Figure 6 makes clear, the analyzed domains of both forms show similar patterns: for example, the expression is greater in 5'LTR than in INT, and greater in INT than in RT; and dilutions do not significantly affect their amplification efficiency. At the cDNA level, the amplification pattern is retained for Triticale forms; however, the wheat form showed some deviation, as evident in the increased 5'LTR : INT transcript ratio. Furthermore, PCR amplifications of genomic DNA demonstrated that more copies of the WIS 2-1A retrotransposon existed in the wheat genome than in Triticale (Figure 6 ). On the contrary, WIS 2-1A transcripts are more abundant in Triticale than in wheat, in both control and mutant forms.
As Figure 5 shows, transcription changes are more evident for INT and RT regions. On the contrary, the intensity of PCR products of the 5'LTR region is too high to allow efficient quantification and clear differentiation between mutant forms. Therefore we considered the INT and RT regions as the most appropriate regions in order to detect differences in the WIS 2-1A transcription pattern between analyzed forms. There is an obvious increase in the transcription level in original mutant forms 613sph and 6512sph compared to the control form Sadovska ranozreika-2. Interestingly, the transcription level decreased to levels equal to or below that of the control form in the T. aestivum-type derivative forms (613aest and 6512aest) and the revertant mutant forms (49L/13, 2K×613compactoid and 49 compactum).
Discussion
The present study uses a RT-PCR approach and marker methods based on BARE-1 and WIS 2-1A retrotransposons, to assess the stress-induced genetic diversity of wheat and Triticale sphaerococcum mutant forms.
BARE-1/WIS 2-1A markers are efficient for mutant diversity analysis
The marker patterns turned out to be more polymorphic (up to 18% for SSAP and 40% for IRAP and REMAP) than expected given the genetic closeness and the common ancestral origin of mutant forms. All methods used in this study recovered numerous polymorphic markers that were able to differentiate the sphaerococcum mutant forms. The polymorphism was visualized by the addition or loss of fragments. It may be provoked by indels, mutations at MseI restriction sites, or be a result of new retrotransposon integrations. The present study analyzed polymorphic markers that represent DNA sections surrounding retrotransposon LTRs; their sequencing and BLAST search analysis provided information on the integration site preference of BARE-1 / WIS 2-1A retrotransposon copies. The SSAP analysis shows that, beside those markers matching undefined coding sequences or other transposons (so called "nested" transposition), few markers have been found to be specific to glutenin and gamma-gliadin gene loci in wheat. Since the WIS 2-1A element was originally isolated in the form of an insertion within a high-molecular weight glutenin subunit [24] , it is likely that these genes are 'hot spots' for the integration of WIS 2-1A retrotransposon copies. New insertions of BARE-1 / WIS 2-1A into glutenin and gamma-gliadin genes suggest that transposon dynamics affect the structure and probably the function of these loci. These important data support previous findings [25] showing the presence of polymorphism in relation to the glutenin and gliadin protein patterns within sphaerococcum mutant forms.
A single BARE-1 primer allows the acquisition of reliable polymorphic IRAP and REMAP profiles, as mentioned by Kalendar et al. [26] ; this yielded markers that were specific for distinct mutant groups and could be used for their efficient fingerprinting. The number of bands generated was relatively low (<23), but the use of a single retrotransposon primer restricts the amplification of LTR bounded sequences in all orientations, as is the case for two primers facing outward from both retrotransposon ends. The low number of bands could also be explained if the primer spacing was too great for efficient IRAP or REMAP. The majority of PCR-generated markers in REMAP patterns were found to be BARE-1-BARE-1 bands. In Triticale, a higher level of polymorphism was observed for the primer combinations BARE-1 / Xgwm 456L (32%) and BARE-1 / Xgwm 456R (39%), suggesting the presence of genome alterations in the vicinity of the S1 gene in chromosome 3D. Few putative retrotransposon-microsatellite products were detected for these primer combinations. We did not expect to detect such bands spanning the single SSR locus Xgwm 456 located on chromosome 3D, given that every D genome in Triticale MT 47 (except 2D) is replaced with a rye chromosome. We suspect that this locus has been duplicated or translocated to another chromosome region. This assumption is consistent with the hypothesis that the sphaerococcum type may result from gene duplication arising from DNA recombination in the centromeric region [18] . In order to increase the number of polymorphisms detected, the IRAP and REMAP techniques could be improved by manipulating the number and/or selectivity (addition of selective nucleotides) of retrotransposon primers. This would facilitate the detection of more putative retrotransposon insertions and even retrotransposon-microsatellite markers, which will greatly aid the further characterization of regions in the vicinity of sphaerococcum genes.
The genetic distances recovered between mutant forms and their controls are similar to those obtained in previous work using SSR markers [27] . They are also consistent with the chronological steps of mutant form origination, and their phenotypic and genetic behavior.
Future work will aim to further characterize polymorphic markers, for example by obtaining sequences and chromosome maps. This work will enable a better understanding of the genetic background of the sphaerococcoid mutation, and will facilitate the tagging and isolation of genes responsible for its expression.
Transcription of the WIS 2-1A element is enhanced in T. aestivum and Triticale sphaerococcum mutant forms
In the present study we demonstrate that under normal conditions, the WIS 2-1A retrotransposon is transcriptionally active in the leaves in hexaploid wheat and Triticale; domain-specific levels of expression were also observed. Results from comparative PCR amplifications of genomic and cDNA allowed us to determine more precisely the share of both factorsthe number of WIS 2-1A copies, and the amplification efficiency -in the observed expression pattern.
The relatively higher expression of the 5'LTR region over the INT and RT domains is in accordance with our expectations, given a predominance of solo LTR sequences over full-length retrotransposons in cereal genomes. The higher expression may also be due to the presence of read-through transcripts from inducible flanking genes. We conclude that the transcript levels of 5'LTR, INT and RT regions result from the different number of copies in their respective genomes, and/or from region-specific structural characteristics, rather than conditions of the PCR reactions. For example, the abundance of INT vs. RT domains detected both in genomic and cDNA may be influenced by the presence of defective RT copies carrying deletions or point mutations which do not enable efficient PCR amplification. Our results accord with recent studies where the structurally similar retrotransposons WIS 2-1A and BARE-2 were found to be mainly represented by defective copies of internal coding regions that may have been generated during transposition [28, 29] . EMS treatment altered the transcription pattern of WIS 2-1A retrotransposons in mutant forms. We studied all three regions simultaneously under identical PCR conditions. The transcription changes are more obvious for INT and RT regions, which were therefore considered a more reliable measure of the transcription level of the WIS 2-1A retrotransposon. The intensity of the 5'LTR region in PCR products was too high to clearly differentiate between the analyzed forms. In our opinion, INT and RT regions are more convenient for transcription analysis for the additional reason that only full-length, transposition-capable retrotransposon copies are detected, with defective LTR sequences discarded. Previous investigations have also reported the reliability of INT and RT domains for the quantification and organization of WIS 2-1A and BARE-1 retrotransposons in cereal genomes [30] . The enhanced transcription pattern is visualized by the increase in the transcription level in the original mutant forms 613sph, 6512sph, relative to the control form Sadovska ranozreika-2. Although the mutant forms were phenotypically indistinguishable, IRAP and RT-PCR approaches revealed both genetic variability and differences in the expression of the WIS 2-1A retrotransposon. This observation may explain higher phenotypic diversity observed in the progeny of the heterozygous form 6512sph. Test crosses between mutant and control forms, and reversion to the wild aestivum phenotype, clearly induce events leading to a decrease of WIS 2-1A expression; the reason for this phenomenon, however, is not clear. WIS 2-1A transcripts are more abundant in Triticale than in wheat forms despite PCR amplification of genomic DNA indicated a higher number of WIS 2-1A copies in wheat. In fact, the allohexaploid Triticale demonstrates a reduction of retrotransposon sequences, including WIS 2-1A retroelements, when passing from wheat and rye to the synthetic crop Triticale [29] [30] [31] . We suggest that the higher observed abundance of WIS 2-1A transcripts in Triticale compared to T. aestivum results from the activation of quiescent copies in the allohexaploid Triticale, in a similar fashion to the dose compensation that occurs in response to retrotransposon reduction. The statement for transcription activation agrees with the "genomic shock" postulate, where the activation of plant transposons results from the combination of evolutionarily divergent genomes. WIS 2-1A transcripts are also activated in newly synthesized wheat amphidiploids, derived from interspecific hybridization followed by chromosome doubling [32] .
In this study, the transcriptional activation of WIS 2-1A elements does not necessarily suggest transpositional activity. Reverse transcription is error-prone, and retrotransposons can generate a population of different, but closely-related, transcriptionally-inactive daughter copies. However, a retrotransposon will not transpose in the absence of the genomic RNA used as a template for reverse transcription. The ability to produce transcripts hints at the possible mutagenic impact of WIS 2-1A retrotransposons in T. aestivum and Triticale sphaerococcum mutants. At present, the mechanisms responsible for retrotransposon dynamics in sphaerococcum mutant forms are not known, but it is likely that EMS influences retrotransposon activation through genome destabilization. This could involve changes in the chromatin structure and/or mutations in genes related to the regulation of transposon activity.
